Recent studies of macrofauna on sandflats have emphasized postsettlement dispersal, particularly associated with sediment bedload transport. This study investigated the short-term (3 weeks) stability in spatial patterns of eight common, potentially mobile, near-surface macrofaunal species inhabiting a 4,000-m2 area of intertidal sandflat. Over this period, wind conditions reworked the sediment to a depth of 3 cm, thus generating sediment and animal transport. Movement and changes in spatial arrangement of juvenile M'acomona Miana and Paphies australis demonstrated the need to consider postsettlement dispersal in survivorship and experimental studies and to conduct such studies at a relevant scale. However, the majority of the species exhibited stability of spatial pattern, even when undergoing movement and changes in mean density. This finding suggests that biological interactions and organismhabitat relationships are important processes even in habitats where the sediment and organisms are mobile.
Estuarine and marine intertidal sandflats often form a dynamic environment for surface-and near-surface-dwelling organisms and there is increasing evidence for high fluxes of infaunal organisms. Even small waves can generate extensive sediment bedload movement, and recent studies have shown benthic macrofaunal species move with the sediment (Emerson 1991; Emerson and Grant 199 1; Comrnito et al. 199%) . Other studies have found a variety of benthic phyla entering and being transported in the water column (Armonies unpubl. rep. Martel and Chia 1991; Cummings et al. 1995 ). Yet an assumption often important to generalizing from experimental or behavioral research is that spatial pattern and variability are constant over time scales of days to months and spatial scales representing the natural ambit of the organisms involved. Ecologists working in dynamic softsediment habitats need to establish the temporal persistence of spatial patterns relative to potential physical forcing. If this is not done there is no way to be sure that the smallscale processes under study are not swamped by larger-scale phenomena (Raffaelli et al. 1994) .
The few studies that have discussed the stability of spatial patterns of macrofauna (McArdle and Blackwell 1989; Krager and Woodin 1993) have not studied potentially mobile, near-surface species or juvenile stages. It is also important to evaluate, explicitly, the form of spatial pattern rather than just the intensity. Intensity is assessed by methods that sort distributions of density estimates into aggregated, uniform, or random. Only the form of spatial pattern utilizes information contained in the spatial location of individuals. Therefore, two distributions may have a similar intensity of pattern (e.g. aggregated) yet represent different spatial arrangements (e.g. small patches versus gradients) (Thrush 1991) .
We investigated the stability of spatial arrangements (i.e. form of spatial pattern) in the abundance of common near-surface macrofauna on an extensive sandflat in an estuary, where wave-generated bedload and suspended-sediment transport are common (Dolphin et al. 1995) . A site of 4,000 m2 was surveyed on two dates, 3 weeks apart. We tested the following predictions. First, if hydrodynamic conditions were suffi.cient to generate transport of organisms, the spatial arrangemlznts of those species undergoing transport would not be persistent. Postsettlement movement could occur on two scales: movement could take place within the site, resulting in changes in the spatial arrangement of density but not of mean site density; and emigration from or immigration into the site could occur, resulting in changes in mean density and, possibly, spatial arrangement. Second, small juvenile sta.ges and epibenthic animals (e.g. juvenile bivalves, cumaceans) were more likely to be transported than larger or fast-burrowing animals (e.g. polychaetes, isopods). Third, lack of persistence in spatial arrangements would result in lack of persistence of inter-and intraspecific correlations.
Materials and methods
The study was conducted on an extensive (5 km2) intertidal sandflat near Wiroa Island (37'01 'S, 174'49'E) within Manukau Harbor, New Zealand. Manukau Harbor covers 368 km2 and has a tidal range of 3.4 m on spring tides and 2.1 m on neap tides. The intertidal sandflat near Wiroa Island is exposed to the prevailing southwesterly wind with a fetch of 4 km at midtide and 17 km at high tide. The study site was chosen for its overall homogeneity in physical appearance, tidal height (ca. midtide), wave exposure, and nearsurface-sediment composition (predominantly fine sands). Light to moderate (5-10 m s-l) west and southwest winds commonly blow over the sandflat, producing waves lo-30 cm high and reworking sediments to a depth of l-3 cm (Cummings et al. 1995; Dolphin et al. 1995) . Sand ripples l-2 cm high and 2-3 cm in wavelength were common during this study. Maximum water velocities around 40 cm s-l (60 cm above the bottom) and 36 cm s-l (10 cm above the bottom) recorded over a neap tidal cycle at this site (Cummings et al. 1995 ; pers. obs.) exceed the Miller threshold for entrainment of fine sand. Postsettlement individuals (>500 pm) of several of the species found in this study have been collected in bedload and water column traps even in calm conditions (Commit0 et al. 1995b; Cummings et al. 1995) .
Sampling was initially carried out on 20 February 1990 and then again 3 weeks later on 14 March. Fifty-five 2-X 2-m quadrats were placed 10 m apart in five rows oriented parallel to the shoreline. Three sediment cores (13 cm diam, 15 cm deep) were randomly collected from different points within each quadrat on each sampling occasion. This sampling design was based on previous work by Thrush et al. (1989) that reported small-scale (<5 m) spatial variability within large homogeneous density patches of lo-25 m radius for several species on this sandflat. As most sampling strategies are more likely to control for small-scale variation than for variation on larger scales, we focussed on determining large-scale (>lO m) patterns. Therefore, we combined the three cores from each quadrat in order to reduce small-scale variability. Core samples were sieved (500-pm mesh) and the residue fixed in 5% formalin and 0.1% Rose Bengal in seawater. Macrofauna were sorted, identified to the lowest possible taxonomic level, counted, and preserved in 70% isopropanol.
Preserved specimens of bivalves were measured to the nearest 0.1 mm (longest shell axis) with an ocular micrometer (individuals <8 mm) or vernier callipers (individuals 18 mm). Individuals of Austrovenus stutchburyi, Paphies australis, and Macomona liliana 0.5-3 mm in size were classified as juveniles. Individuals this size are < 1 yr (Roper et al. 1992 ) and make up the majority (>98%) of bivalves found drifting in the water column over this area . Juvenile Nucula hartvigiana covered a smaller size range (0.5-l mm).
To provide a qualitative assessment of species undergoing postsettlement dispersal in the water column, we erected eight nets perpendicular to the incoming tide (four upshore and four downshore), with their lowest edge 20 cm above the bed. The nets, shaped like a pyramid placed on one side, were -0.3 m high X 0.3 m wide X 1 m long and had a mesh size of 250 pm. Specimens were collected from the nets after one full tidal cycle (i.e. midlow to next midlow) and processed as the sediment cores above. Sampling with these nets took place on 20-21 February and 13-14 March. Unfortunately, neither of these times was representative of the maximum wind velocities that occurred over the 3-week period of this study. Because we could not assess the trapping efficiency of the nets, these data were treated qualitatively only.
Wind data, in the form of hourly velocities, were obtained from the nearby Auckland International Airport weather station. Wind speeds and directions given in this paper are for the times when the tide covered the study site.
Statistical analyses were carried out on all common surface-dwelling macrofauna (Table 1 ). The assumption of normality was tested for individual species on both sampling occasions with the Kolmorgov-Smirnov test statistic. Changes in the density of species between the two dates were then tested using either paired Wilcoxon's or t-tests. The power of these tests to detect departures from the null Lehmann (1975) and Cohen (1988) respectively.
Spatial arrangements were investigated using correlograms based on Moran's I and Geary's c spatial autocorrelation coefficients. Values of I and c were calculated for each 10 m distance class (i.e. those samples lying within O-10 m of each other, lo-20 m of each other, etc.). The null hypothesis of I or c = 0 for each distance class was tested at the 5% probability level (a) using the normal approximation, with corrections to the upper and lower percentage tails being applied as necessary (see Jumars et al. 1977) . Before examining each significant value in a correlogram, a global test was performed to check whether the correlogram contained at least one value that was significant at the a' = d v significance level, where v is the number of tests performed. Significant coefficients indicate that heterogeneity exists and allow estimates of average patch size within the study area to be made. Autocorrelograms were interpreted to identify various forms of mean spatial arrangement (henceforth called spatial structure) using the guidelines presented by Sokal (1979) and Legendre and Fortin (1.989) . As the Moran's I and Geary's c correlograms demonstrated similar results, only the Moran's I correlograms are presented.
Inter-and intraspecific correlations were investigated using the Pearson product moment correlation coefficient. For those species that exhibited significant spatial autocorrelation, the Pearson correlation coefficients were corrected following Griffith ( 1987) .
Differences in spatial arrangement between the two sampling dates were assessed by three methods: visually comparing the autocorrelograms, investigating the spatial structure of the differences in density between the two times by calculating Moran's I correlograms for the surface of the differences, and conducting ANOVAs on the differences in density between the two dates with respect to the effect of location. It is possible for the actual location of areas of differing densities (henceforth "location") to change while the mean size of patches (i.e. spatial structure) is maintained. In this case no change in the spatial structure as assessed by the first method will be observed, although the latter two methods will detect a difference. Therefore the following three possibilities arise. First, all three methods detect a change, indicating that a change in spatial structure and location has occurred. Second, the autocorrelograms for the two dates are similar but the other two methods detect a change, reflecting a change in location with the underlying spatial structure unchanged. Third, none of the three methods oxycephala, juvenile P. australis and juvenile N. hartvigiana indicate a change, suggesting that both location and spatial (Fig. 1) . A repeating patch structure at approximately 30-m structure remain the same and, thus, that the spatial arrangeintervals was observed for Colurostylis lemurum, reflecting ments on the two dates are similar. For the ANOVA, the varying abundances along the longest axis of the study site. power of the test to detect departures from the null hypothSpatial structures were not detected for nemerteans, or juesis was calculated according to Cohen (1988) .
venile A. stutchburyi and M. liliana.
Results and discussion
Macrofauna in the sediment: Initial-Spatial structures, indicating gradients on scales larger than the study site, were detected at 40-50 m for Exosphaeroma falcatum, Aonides E. falcatum, juvenile P. australis, and juvenile N. hartvigiana were correlated with each other and inversely correlated Iwith A. oxycephala (Table 2) . Numbers of juvenile bivalves were positively correlated with that of larger conspecifics (>20 mm) for A. stutchburyi (r = 0.46, P < 0.05) and M. liliana (r = 0.52, P < 0.05). Large specimens of N. Macrofauna in the sediment: Comparisons between the two dates-Significant changes in the mean density of four of the eight species were found between the two dates (Table  3) . Generally, decreases in abundance occurred. These ranged from the potentially ecologically trivial 2.3 individuals per three cores (74%) of C. lemurum to 55 individuals per 398 cm2 (77%) of juvenile P. australis. The power of the tests to detect differences was low for the four species not exhibiting significant changes. However, for these species, the magnitudes of the changes in mean density apparent between the two dates were all < 15% of the mean.
The spatial structure of C. lemurum, changed from the small patch structure apparent in the autocorrelogram of 20 February to a gradient on 14 March (Fig. 1) . Juvenile M. liliana also showed a gradient on 14 March (Fig. 1) ; lower abundances were found in the upshore half of the study site on this date, while numbers downshore had roughly doubled. A change in location was detected for juvenile P. australis (Table 4) , although no corresponding change in spatial structure was obvious (Fig. 1) . For five of the eight common nearsurface-dwelling species found in this study, we observed no difference in spatial structure or location between the two dates. The power of the ANOVA to detect differences in location was reasonable (280%) for all but A. oxycephala and nemerteans. Table 4 . Probability levels of the global test on the spatial autocorrelograms of the differences in density between the two times and of the location effect (df = 14) from ANOVAs on differences in density between the two times, for eight common near-surfacedwelling macrofauna. For species with no significant location effect (P > 0.05), the power of the ANOVA to detect a difference was tested for the effect size that occurred. The changes in location observed for C. lemurum, juvenile M. liliana, and juvenile P. australis, between sampling dates, were reflected in changes to the significance of inter-and intraspecific correlations found (Table 2) . On 14 March, no significant relationship (P > 0.50) was detected between the abundances of juvenile A4. liliana and conspecifics >20 mm in size. However, on this date, numbers of C. lemurum and juvenile M. liliana were positively correlated with numbers of A. oxycephala. Juvenile P. australis exhibited a difference in location but did not exhibit a difference in correlations with other species on the two dates.
Wind velocity--The day before the first sampling date .the wind averaged 5 m s-l from the southwest. On 20-21 February (the first tidal cycle that the nets were deployed), the wind averaged 5.2 m s-l from the southwest. The wind continued to blow from the southwest with a mean of 5.7 m s-l and a maximum of 9.8 m s-l for the next 13 d. The direction then changed to the northeast, and, for the 9 d before the second deployment, the wind blew off the site with a mean of 6.5 m s-l and a maximum of 8.2 m s-l. During the second deployment (13-14 March), the wind averaged 4.0 m s-l from the northeast. Wind conditions are often used as a valid surrogate for wave-driven bottom disturbance (Grant 1983 ; Table 3 . Mean density (number per 398 cm2, n = 55) and coefficient of variation (C.V.) of the common surface-dwelling macrofauna found at the study site on 20 February and 14 March 1990. The difference in mean density between the two dates is given, both as number of individuals (change) and as a percentage of the mean density on the first date (% change). Prob 1 = type 1 probability levels, and power = the power of detecting a difference for those species with a type 1 probability level >0.05. Emerson, 1991). The maximum wind velocities during this study were typical for this harbor and would be expected to result in net sediment transport (Dolphin et al. 1995) .
Macrofauna in the water column-Of the eight species commonly found in the near-surface sediments during this study (Table l) , only the spionid A. oxycephala and nemerteans were never caught in the nets (Table 5) . Not catching some species in the nets was expected, as there are a number of adaptations that allow organisms to avoid passive transport associated with sediment movement (e.g. burrowing, body shape, and density). Unexpected, however, was the presence of the isopod E. falcatum in the nets (see our second prediction). Low numbers of E. falcatum and juvenile bivalves of A. stutchburyi and N. hartvigiana were caught on each date despite differences in wind condition. Higher numbers of the juvenile bivalves A4. liliana and P. australis and the cumacean C. lemurum were collected on the second date.
Matching observed changes with predictions-A recent flume study has shown that once sediment transport has been initiated, juvenile bivalves cannot maintain their position by burrowing (Roegner et al. 1995) . Representatives of all species of juvenile bivalve were found in the nets. For these and the other taxa found in the nets, postsettlement dispersal occurred and changes in either (or all of) mean density, spatial structure, or location as well as changes to any intra-or interspecific correlations should occur (our first and third predictions). The magnitude of any changes should be dependent on the number of individuals moving relative to the mean density at the site. Thus, unless the power of the analyses is high, we are less likely to observe changes for A. stutchburyi, N. hartvigiana, and E. falcatum compared to C. lemurum, A4. liliana, and P. australis. To check whether our predictions were correct, species were categorized on the basis of detected changes in both mean density and spatial arrangement (see Table 6 ) into those with changes in mean density and spatial arrangement, those with changes in neither mean density nor spatial arrangement, those with changes in spatial arrangement but not mean density, and those with changes in mean density but not spatial arrangement. Table 6 . Summary of differences found between the two times in mean density, spatial structure, and location on the beach of the eight corn mon surface-dwelling macrofauna. Change in spatial structure was determined by visual comparison of the autocorrelograms given in Fig. 1 , while change in location is a summary of Mean d,ensity and the spatial arrangement (i.e. both spatial structure and location) of C. lemurum were different on each sampling date. This was expected (our first prediction) as cumaceans are epibenthic. Thus, this species appears to be coupled loosely to the bed and moving on a scale both smaller and greater than that of the study site.
No differences in mean density and spatial arrangement (i.e. spatial structure or location) between the two dates were detected for nemerteans, juvenile N. hartvigiana, or juvenile A. stutchburyi. No change in spatial structure or location had been expected for the nemerteans (our second prediction). Conversel:y, juvenile N. hartvigiana and A. stutchburyi were mobile over the period of this study and, given the power of the anaLlysis, we expected to detect changes in location (our first prediction). Richardson et al. (1993) demonstrated that the cockle, Cerastoderma edule, actively emerges from the sediment and moves in response to tidal and sediment movement, perhaps in order to maintain position. However, crawling of most juvenile soft-sediment bivalves is limited to a range of < 1 m d-l. This rate of movement is not enough to offset quotes by Roegner et al. (1995) of juvenile movement in the water column of distances <l m to 20" m over temporal scales of minutes to hours. Therefore, either passive movement on the sandflat over the 3 weeks of this study was lower than that found by other studies, or passive movement is followed by active site selection as the physical forcing function slows, or hydrodynamic forces resort the organisms into the original spatial patterns, or the individuals of these species caught in the nets originated elsewhere and did not stop at the site. All four of these hypotheses are worthy of further study, although given the similarity in shape (spherical) and specific density of juvenile Nucula and Austrovenus it seems unlikely that hydrodynamic sorting would produce different spatial patterns.
Only one species exhibited a change in spatial arrangement but not mean density. As expected, from our first prediction, juvenile M. liliana exhibited a significant difference in spatial structure and location between dates. However, only a small, nonsignificant difference in mean density occurred (0% of the mean), suggesting that movement was within-site. This result demonstrates the importance of ex-plicitly considering spatial distributions (Legendre 1993) . If no locational information had been collected and analyzed for spatial patterns, no difference in the spatial arrangement of juvenile 44. Ziliana would have been detected. In fact, there was a fundamental change for these juveniles, with numbers decreasing by 85% in the upshore half of our site. This change could be due to differential survival combined with settlement and growth of new recruits. However, this and previous studies Cummings et al. 1993; Commito et al. 1995b) found juvenile 44. Ziliana were highly mobile, both by drifting in the water column and moving with sediment bedload. Thus, the observed change was probably a result of postsettlement dispersal. Mass migrations of individuals from upshore to downshore locations have been reported for another tellinid, Macomona balthica (Beukema 1973; Armonies and Hellwig-Armonies 1992) . Two species exhibited changes in mean density but not in spatial arrangement. As expected, from our second prediction, we detected no change in spatial structure or location for A. oxycephala between the two dates. No changes in spatial structure and location were found for E. falcatum either, even though individuals were caught by the nets on both dates and the power of the analysis was high (92%).
One species was difficult to fit into the above four categories. P. australis, as expected (our first prediction), exhibited a change in both mean density and spatial arrangement; but the change in spatial arrangement was due to a change in location only, not to a change in both location and spatial structure. If spatial structure truly does not change even when the mean density does, this implies that whatever the processes are that change the density, they also are likely to be important in developing and maintaining the spatial structure.
Conclusion
Postsettlement dispersal was observed for the cumacean and two of the bivalve species. These movements have the potential to confound even elegantly designed experiments that do not encompass appropriate spatial scales. For experiments that are small in spatial extent compared with the potential mobility of the species involved, such movements may completely swamp experimental effects simply by increasing the variability in abundance between replicates or by introducing density-dependent effects. Thus, we must recognize that processes operating on scales not equal to that of the study can affect the results and highlight important aspects of ecology. Knowledge of the natural history characteristics of the species involved can be utilized to provide some indication of relevant scales for study.
For five of the eight common near-surface-dwelling species found in this study, we observed no difference in spatial arrangement (i.e. spatial structure or location) between the two sampling occasions (Table 6 ). Occurrence of the same spatial arrangement on both dates suggests that the pattern is not purely transitory. The wind conditions and thus the hydrodynamic forces operating on the site were different immediately prior to sampling. Therefore, it is unlikely that spatial arrangements that were similar on both dates reflect passive responses to hydrodynamic processes.
Wind conditions encountered were typical for this harbor, with maximum velocities expected to result in net sediment transport. In such dynamic environments, where there is frequent disturbance by waves and tidal currents, we could well imagine that the spatial arrangements of species would be structured largely by physical forces (Grant 1983; Emerson and Grant 1991; Commit0 et al. 1995a ). However, this study demonstrates that, in a 4,000-m2 area and over a 3-week period, spatial arrangements of most common near-surfacedwelling macrofauna were not transitory. While occasional, strong, large-scale hydrodynamic forces (such as storms) must still be expected to restructure the spatial arrangements of near-surface dwellers in this type of habitat (Dobbs and Vozarik 1983; Ong and Krishnan 1995) , our study suggests that, even in the face of regular sediment transport, spatial arrangements can persist. Thus, biological interactions and organism/habitat relationships still may be important processes at the scale of this study.
